Background: A limitation to the expanded use of high-resolution pharyngeal manom-
| INTRODUCTION
Videofluoroscopic imaging is considered the gold standard for the evaluation of oropharyngeal swallowing function. Videofluoroscopy (VFS) permits the visualization of bolus flow in relation to structural movement throughout the upper aerodigestive tract in real-time.
It also detects the presence and timing of aspiration and assists in identifying the underlying physiologic manifestations of swallowing impairment. Pressures generated by structural movements during swallowing are critical for bolus transport and airway protection, yet VFS does not provide this type of pressure assessment.
High-resolution pharyngeal manometry (HRPM) is an instrumental evaluation that permits measurement of intraluminal pressure activity in the pharynx. High-resolution pharyngeal manometry has the advantage over previous manometry methodology in that circumferential pressure sensors are spaced at 1 cm intervals, providing a more accurate representation of pharyngeal contractility. The benefits of HRPM over VFS are its relative portability, automated scoring potential that facilitates rapid interpretation and avoidance of exposure to radiation.
These benefits may allow HRPM to be utilized as a screening examination of pharyngeal function, in treatment sessions as biofeedback and/ or to evaluate the efficacy of targeted interventions. High-resolution
| MATERIALS AND METHODS

| Patient selection
We recruited subjects consecutively from patients presenting for MBSS at our outpatient voice and swallowing center. Inclusion criteria included age ≥18 years, complaint of dysphagia, physician order indicating medical necessity for MBSS and appropriate level of cognitive function to participate in the study procedures. Patients with a history of esophagectomy or laryngectomy, known esophageal obstruction, bleeding disorder, allergy to barium, or pregnancy were excluded. The Medical University of South Carolina Institutional Review Board approved this study and all participants provided informed written consent.
| Equipment and procedures
We used a solid-state high-resolution catheter (Medtronic, Sunnyvale, CA, USA) that was 2.7 mm in diameter with 36 circumferential pressure sensors spaced at 1 cm intervals. Prior to each study, the catheter pressure transducers were calibrated from 0 and 300 mm Hg using externally applied pressure in the pressure chamber. Thermal calibration was completed on each probe according to manufacturer's specifications.
The most patent nasal cavity was anesthetized and vasoconstricted with oxymetazoline/lidocaine solution applied on a cotton
Key Points
• A limitation to the expanded use of high-resolution pharyngeal manometry in clinical practice is the lack of useful pharyngeal parameters that are easy to interpret and do not require specialized software. In this study, we sought to test the relationship between a clinically practical highresolution pharyngeal manometry parameter, the pharyngeal contractile integral, with videofluoroscopic observations.
• Lower pharyngeal contractile integral scores correlated with higher degrees of impairment and increased risk for aspiration or penetration. Concordance between pharyngeal contractile integral measures was high for both interrater and intra-rater assessments.
• These preliminary data support the potential utility for incorporation of high-resolution pharyngeal manometry to aid in assessment of pharyngeal swallowing and to identify physiologic targets for behavioral or surgical interventions. Two independent judges evaluated the swallows for HRPM (AO) and MBS findings (MBSImP and Penetration -Aspiration Scoring)
(KH) and were blinded to the alternate modality results during analysis. Inter-and intra-rater reliability correlations were completed on a subset of the HRPM data (10 subjects; 120 swallows) to ensure reproducibility of PhCI measurements.
| Data analysis
Overall impression scores, representing the worst score across all proximally during swallowing, the UES upper border was defined from the resting position. Therefore, the PhCI includes some small degree of contractility measurement of the UES for all patients.
Our primary outcome measures were PhCI and PT. Pharyngeal contractile integral and PT data were averaged across all bolus volumes and consistencies presented to each patient. Secondary outcomes included UES basal pressure, relaxation nadir pressure, and relaxation duration.
In addition, the Penetration-Aspiration Scale (PAS) was utilized to evaluate the presence, depth, and patient response to airway invasion. 5 We utilized the worst PAS score overall (across all consistencies and volumes) as well as within each consistency for data analysis. Statistical analysis was completed using Student's t test for independent means or To ensure that PhCI was comparable across individuals, we calculated a "normalized" PhCI by dividing each subject's average PhCI by his or her pharyngeal length. Pharyngeal length was defined as the distance from the anterior-superior edge of the first cervical (C1) vertebra to the anterior-superior edge of the fifth cervical (C5) vertebra. These landmarks were selected because they are constant and were readily identifiable for all subjects. Use of these landmarks also avoids the inherit problem of using the pharyngeal contractile length as recorded on HRPM, which can vary based on an individual's potential contractile deficits. Image J software (National Institute of Health, https://imagej.
nih.gov) was used to complete the anatomical length measurements with a penny placed on the patient's neck establishing an accurate scale.
| RESULTS
Thirty-six patients were included in the study, 21 females and 15 males with a mean age of 59.3 years (range 18-86). Primary presenting diagnoses included pulmonary disease (N=10), esophageal pathology (N=9), cervical spine surgery (N=6), cricopharyngeal dysfunction (N=5), radiation induced fibrosis (N=2), and one patient each with stroke, meningioma, neurosarcoidosis, and unknown etiology of dysphagia.
Esophageal pathology included esophageal dysmotility (four patients), gastroesophageal reflux disease (three patients), esophageal spasm (one patient), and non-obstructive esophageal web (one patient).
The average pharyngeal length in our subjects was 9.7 cm (range 7.4-12.2). Normalized PhCI was tightly correlated with the original average PhCI value, suggesting that pharyngeal length is fairly constant over the range of observed PhCI (r=.97, P<.0001; Figure 3 ).
Concordance between PhCI measures was high for both inter-rater We found a significant difference in overall PAS scores between patients in the high vs low PhCI groups. Patients with better contractility exhibited less severe PAS scores (1.21 vs 1.99; P=.03; Table 2 ).
F I G U R E 3 Comparison of normalized
Further analysis by specific consistency showed a significant difference for thin liquids, with the higher PhCI group having an average 
| DISCUSSION
Other investigators have examined objective HRPM parameters and their relationship to deficits observed on MBSS and/or clinical interpretation of pharyngeal dysphagia. The DCI is a well-characterized esophageal HRM parameter that revolutionized the classification of esophageal motility disorders. 1 Despite the widespread clinical application of DCI, pharyngeal integrals have not been well-tested or translated to clinical practice. Some investigators have previously described contractile integrals related to the pharynx; however, these studies were limited to pressure measures in multiple pharyngeal regions and require specialized software programs unique to the clinical laboratory. 11 We believe that evaluating the entire pharynx as a continuum of interrelated temporal events is clinically meaningful as it takes into account velopharyngeal, tongue bread) in 10 healthy subjects. 7, 11 These discordant results may be explained in part by differences in patient groups and methodology.
We found no correlation between PhCI and UES parameters such as basal pressure, relaxation pressure, and opening duration on HRPM.
This is an interesting finding because much of the literature regarding HRPM has focused on UES parameters. Our findings suggest that, while important, UES parameters alone may not serve as valid surrogates for pharyngeal swallowing physiology because pharyngeal contractility is not the sole determinant of UES function. Adequate UES opening is accomplished by a combination of cricopharyngeal muscle relaxation, anterior-superior movement of the hyoid and larynx, shortening of pharyngeal elevator muscles, and bolus pressure forces. 4, 12 One critique of automated PhCI measurement may be the pos- Until such software is clinically available, perhaps a higher basal threshold should be used (e.g. 30 mm Hg) to account for IBP.
These preliminary data support the potential utility for incorporation of HRPM into laryngology and speech-language pathology practices to aid in assessment of pharyngeal swallowing and to identify physiologic targets for behavioral or surgical interventions. In this study, we describe a clinically practical HRPM parameter, the PhCI, which provides an objective measure of pharyngeal function. The process of calculating the PhCI based on readily identifiable landmarks assists in both reproducibility and efficiency of use.
Our normalized PhCI data were highly correlated with the original average PhCI values, which would suggest that it may not be necessary to measure the pharynx to account for differences in pharyngeal length when completing HRPM. However, there was some difference between results of PAS in comparison to PhCI when comparing normalized vs non-normalized PhCI data. The negative trend persisted, but the non-normalized data were not significant (P=.11). This may be a function of our smaller sample size and should be evaluated further.
The normative age-related PhCI differences suggested by NativZelter et al. are interesting as they apply to our study. 2 For categorical data analysis, we dichotomized patients into low PhCI vs high PhCI groups based on median values. The median value of PhCI in our cohort was 263 mm Hg·cm·s. This was similar to normative data from Nativ-Zelter et al. that revealed young healthy subjects (age ≤40) had an average PhCI of 264 mm Hg·cm·s. 2 In addition, it is difficult to know if future PhCI calculations should be adjusted for age and more investigation is needed in this area. In our study, more impaired individuals (higher PT score) had a greater average age (63.0 years) than the less impaired group (53.8 years) so one could suppose that their PhCI could be falsely elevated. Our finding that PhCI remained significantly lower in this older cohort suggests that the differences may actually be greater than identified in our study.
This study does not advocate that HRPM is a replacement for other instrumental evaluations, such as MBSS or flexible endoscopic evaluation of swallowing. However, an integral such as the PhCI has the advantage of evaluating pharyngeal contractility in a multi-dimensional manner. It could be utilized as an indicator of the degree of swallowing impairment and the need for further diagnostic evaluation, but may not be an adequate tool to capture or describe the specific nature of swallowing physiology that is necessary to develop targeted treatment strategies. HRPM could additionally serve as an objective outcome measure of improvement, allowing the clinician to quantify improvement or efficacy of targeted interventions. Anecdotally, we have also
